The Drosophila homologue of the human TEF-1 gene, scalloped (sd), is required for wing development. The SD protein forms part of a transcriptional activation complex with the protein encoded by vestigial (vg) that, in turn, activates target genes important for wing formation. One sd function involves a regulatory feedback loop with vg and wingless (wg) that is essential in this process. The dorsal-ventral (D/V) margin-specific expression of wg is lost in sd mutant wing discs while the hinge-specific expression appears normal. In the context of wing development, a vg::sdTEA domain fusion produces a protein that mimics the wild-type SD/VG complex and restores the D/V boundary-specific expression of wg in a sd mutant background. Further, targeted expression of wg at the D/V boundary in the wing disc was able to partially rescue the sd mutant phenotype. This infers that sd could function in either the maintenance or induction of wg at the D/V border. Another functional role for sd is the establishment of sensory organ precursors (SOP) of the peripheral nervous system at the wing margin. Thus, the relationship between sd and senseless (sens) in the development of these cells is also examined, and it appears that sd must be functional for proper sens expression, and ultimately, for sensory organ precursor development. q
Introduction
The wings in Drosophila are thought to develop from a sac made up of a single layer of columnar epithelial cells called the wing imaginal disc that give rise to the hinge, blade and also the mesonotum of the adult (reviewed in Cohen, 1993) . However, recent evidence also points to the existence of signaling between peripodial cells and the columnar epithelial cells during wing development (Gibson and Schubiger, 2000) . The adult wing in Drosophila is made up of the wing hinge and wing blade (Fig. 1A) . Apart from its function in flight, the wing blade also serves a sensory function and is covered with sensory bristles along the anterior margin. During wing development, several genetic pathways interact to partition these structures. The wing disc is determined very early in development with the specification of a group of embryonic cells to form the wing disc progenitors (Cohen, 1990 (Cohen, , 1993 . Subsequently, through the larval instars, these cells proliferate to form the wing disc which contains , 53 000 cells (Whittle, 1990) . As the wing disc grows in size, it is progressively patterned into smaller sub-divisions that can be inferred by the differential expression of genes within each sub-division. As a result, the wing disc is divided into four compartments: anterior, posterior, dorsal and ventral (Crick and Lawrence, 1975; Garcia-Bellido et al., 1973) . The borders between these compartments are thought to act as organizing centers, to produce a signaling source that brings about initial patterning of the wing (Basler and Struhl, 1994; DiazBenjumea and Cohen, 1993) .
The cells of the wing disc respond very early to the expression of wg and EGFR signaling pathways which divide the disc into the structures required for flight and the part that forms the body structure called the notum (reviewed in Klein, 2001; Wu and Cohen, 2002) . The wing disc is patterned along the anterior/posterior (A/P) axis by the combined action of hedgehog, engrailed and decapentaplegic (Brook et al., 1996) . The patterning along the D/V axis is effected by the actions of apterous, and by Serrate and fringe (Brook et al., 1996; Irvine and Vogt, 1997; Mann and Morata, 2000) . Together, these proteins lead to activation of the Notch (N) signaling pathway at the D/V compartment border. This ultimately produces localized secretion of the WG morphogen along the D/V border in mid to late third instar, acting as a long range signaling molecule to pattern the adult wing (Neumann and Cohen, 1997a; Zecca et al., 1996) . In addition to being expressed at the D/V border, corresponding to the presumptive wing margin, wg is also expressed in three rings in the proximal regions of the wing disc. This expression surrounds the wing pouch, and in combination with other molecules, specifies the hinge fate (Couso et al., 1994; Klein and Arias, 1998) . Both vg and sd are also under the control of the N signaling pathway (Couso et al., 1995; Kim et al., 1996; Nagel et al., 2001; Williams et al., 1994) .
VG is a nuclear protein that has been shown to be responsible for conferring a wing-like fate to cells in which it is expressed (Williams et al., 1991) . Functional analysis of VG has identified two necessary domains in vitro (Halder et al., 1998; Vaudin et al., 1999) and in vivo (MacKay et al., 2003) and an SD interaction domain (Simmonds et al., 1998) . VG functions together with SD, a co-factor belonging to the TEA/ABAA domain-containing family of transcription factors (Burglin, 1991) . The genetic requirement of these two genes in establishing wing fate is well documented (Campbell et al., 1991 (Campbell et al., , 1992 Halder et al., 1998; Paumard-Rigal et al., 1998; Simmonds et al., 1998; Srivastava et al., 2002; Vaudin et al., 1999) . Within the wing field, SD/VG has been shown to activate cis-regulatory elements of some of the target genes directly, which in combination with other signaling pathways are responsible for wing development (Guss et al., 2001) . Clonal analysis of sd mutations has shown that homozygous sd mutant cells are deficient in the expression of wg (Liu et al., 2000) . It has also been proposed, using mis-expression studies, that sd and wg operate in an autoregulatory loop with vg (Varadarajan and VijayRaghavan, 1999) . The expression of vg and sd appears to be activated as a gradient, with highest protein levels seen in cells along the D/V border (Campbell et al., 1992; Williams et al., 1993) . They are thought to be under the control of enhancer elements that respond to signals emanating from the compartment borders (Campbell et al., 1992; Deshpande et al., 1997; Kim et al., 1996 Kim et al., , 1997 Guss et al., 2001) .
The anterior of the adult wing margin in Drosophila is decorated with sensory bristles that are formed by the action of proneural genes such as the achaete scute complex (Modolell, 1997) . The specification of the sensory bristles occurs by the selective accumulation of proneural proteins of the achaete scute complex, in a particular cell called the SOP. This accumulation of proneural proteins in the SOP cells distinguishes it from the neighboring ectodermal cells in which the accumulation of the proneural proteins is repressed by the action of the N pathway (Nolo et al., 2000) . The role of cut (Blochlinger et al., 1990 (Blochlinger et al., , 1991 and sd (Campbell et al., 1991 (Campbell et al., , 1992 and their relationship in the development of the margin bristles is established (Morcillo et al., 1996; Simmonds et al., 1998; Srivastava et al., 2002) . The role of a proneural gene senseless (sens) in the formation of sensory bristles has also been documented (Nolo et al., 2000) . However, the relationship between sd and sens in this process has not yet been described.
Herein, the roles of sd and vg during important events necessary for wing development and morphogenesis are examined by utilizing a vg::sdTEA fusion that replicates the function of the SD/VG complex (Srivastava et al., 2002) . The relationship of the SD/VG complex to the appearance of the D/V stripe of wg expression is clarified. It is shown that SD/VG complex can restore the wg D/V expression stripe in a sd mutant background. In this respect, it either induces or maintains the expression of wg at the margin. Also, we show that exogenous wg expression appears to be able to partially rescue sd mutations. The role that sd plays during bristle specification by sens is also examined and it is demonstrated that sd likely has a role in proper sens expression for SOP development at the wing margin. Thus, this study provides further insights into the role of SD/VG complex during wing development by utilizing a vg::sdTEA fusion. We also provide a molecular basis for the rescue of sd mutations by this fusion vis-à-vis the role the complex has in maintaining or inducing a portion of the wg expression pattern.
Results and discussion

The Vestigial (VG)-Scalloped (SD) transcription complex restores the wingless dorso/ventral-specific expression in scalloped mutant wing discs and promotes proliferation
It has been recently demonstrated that a fusion between vg and the TEA domain of sd encodes a protein that functions like the native VG/SD transcription complex in the context of wing formation. This fusion can rescue sd or vg single mutations as well as the double mutant wing phenotype (Srivastava et al., 2002) . Several lines of evidence suggest that this rescue could be happening via the wg pathway. Firstly, clonal analysis of sd mutations has shown that wing discs are deficient in specific aspects of wg expression (Liu et al., 2000) . Secondly, it has been proposed that sd can induce wg expression (Varadarajan and VijayRaghavan, 1999) and might be involved in the maintenance of the wg D/V specific expression (Liu et al., 2000) . Thirdly, the role of wg in growth and proliferation of the cells in the wing disc is well documented (Diaz-Benjumea and Cohen, 1995; Neumann and Cohen, 1997b; Phillips and Whittle, 1993; Zecca et al., 1996) . Finally, transdetermination of leg disc cells to wing-like cells is achieved by overexpression of wg in the leg disc (Maves and Schubiger, 1995) . Thus, it is likely that the rescue of the sd wing phenotype by the fusion construct (Srivastava et al., 2002) is mediated by wg.
To test this hypothesis, the localization of WG was examined by staining wing discs from wild-type, sd and sd transformants expressing the vg::sdTEA fusion construct using a vg-Gal4 driver. The different regions of the wing disc are depicted in a schematic of the wing disc (Fig. 1A) . The expression patterns of the vg-Gal4 driver, as well as others used in this study, were visualized using a UAS-GFP transgene and are shown in Fig. 1B -D. The localization of WG was visualized by using an anti-WG antibody (see Section 3). Simultaneously, these discs were also examined for VG protein localization as a marker for normal versus mutant wing discs, and also as a marker for the spatial expression of the fusion construct. The normal spatial relationship between WG and VG expression is shown in Fig. 2A -C. In wild-type wing discs, WG is localized in a typical distinct pattern in the hinge and at the boundary between the dorsal and ventral compartment, which forms the wing margin in the adult wing. VG, on the other hand, is present throughout the wing pouch with higher levels at the D/V compartment border ( Fig. 2A, C) . In sd mutant wing discs, the D/V boundary-specific localization of WG is lost, while the hinge-specific localization appears to be normal (Fig. 2E, F) . The domain of VG localization is also smaller (Fig. 2D ) but occupies the space where the D/V boundaryspecific WG would be (compare Fig. 2C and F) . However, expression of the fusion construct in sd mutant wing discs restores the D/V boundary-specific localization of WG ( Fig. 2G -I ). It is likely that this restoration of WG D/V expression is responsible for the previously described rescue of sd mutant wings (Srivastava et al., 2002) . To ascertain if this rescue happens by promoting cellular proliferation, the level of mitotically active cells was determined using an anti-PH3 antibody as a marker for mitotic cells (Hendzel et al., 1997) . Staining of wing discs from wild-type larvae shows the presence of numerous mitotically active cells (Fig. 3A) . Wing discs derived from sd 58 mutant larvae show a lower number of mitotically active cells (Fig. 3B ) as well as a smaller wing pouch. However, discs derived from sd 58 larvae expressing the fusion construct appear to restore the frequency of mitotically dividing cells to wild-type numbers (Fig. 3C) . Thus, one can infer that the rescue of sd mutants by the fusion construct is the result of its ability to restore WG expression along the D/V border as well as to promote cellular proliferation within the wing pouch. This is further supported by the rescue of the sd 58 wing phenotype by the fusion construct expressed in a sd 58 background, as previously reported (Srivastava et al., 2002) .
Rescue of a sd wing phenotype by exogenous WG
As demonstrated above, restoration of the WG D/V pattern of expression by the fusion construct could explain the rescue of a sd wing phenotype. Two lines of evidence support this notion. Firstly, if this restoration of the WG D/V expression is responsible for the rescue, then exogenous expression of wg should also be able to rescue a sd mutant wing phenotype. To test this, a UAS-wg transgene was expressed under the control of a vg-Gal4 driver in sd mutant backgrounds, sd 58 and sd ETX4 (Fig. 4C -F) . The vg-Gal4 driver directs expression under the influence of the vg boundary enhancer element along the D/V compartment border in the wing disc (Morimura and Hoffmann, unpublished observations, and Fig. 1C) , and as such, is a relatively weak driver. However, expression of the UAS-wg construct in sd 58 mutant wing discs results in a partial rescue of the sd wing phenotype which appears to be confined to the proximal wing blade (compare Fig. 4A with 4E and with 4F). Because the partial rescue of the wing phenotype could be caused by this transgenic combination, the relative amount of protein produced by the UAS-wg transgene at the D/V boundary was also examined. The data suggest that the level of rescue of the sd phenotype is consistent with the amount of exogenous WG at the D/V boundary, since very low levels of the WG protein are observed compared to what is found in a wild-type disc (results not shown). The highest level of WG protein is confined to the proximal regions of the wing pouch, which correlates well with the wing rescue data. It is also important to point out that the sd 58 wing phenotype is not variable in different genetic backgrounds, and hence it is inferred that the partial rescue observed is due to the expression of wg from the transgene. sd ETX4 is a weak allele of sd and displays a range of wing phenotypes. Varadarajan and VijayRaghavan (1999) employed an arbitrary scale from þ 5 to 2 5 to measure this variability, where þ refers to wild-type wings and 2 scores refer to progressively severe notching of the wings ( Fig. 2A in Varadarajan and VijayRaghavan, 1999) . According to this report, a majority of the sd ETX4 wings had a score of 2 3 or more severe. To further support the claim that exogenous wg rescues sd mutations, rescue of sd ETX4 by exogenous expression of wg was also examined (Fig. 4C, D) . It is clear from the data that the wing rescue in this mutant background is almost complete and is seen in 100% of the flies. The wings are restored to a score of 2 1 to 2 1.5 on the arbitrary scale. While both sd mutants were rescued in terms of the wing blade, rescue of the margin bristles by exogenous wg was not observed. Thus, it is likely that wg also needs other functions for formation of the margin bristles.
The second line of evidence utilizes a UAS-dTCF DN construct. dTCF acts within the nucleus as a transducer of wg signal and a UAS-dTCF DN construct expresses a dominant negative (DN) form of the dTCF protein, which results in a compromised WG signal (Cadigan et al., 1998) . Thus, if the D/V specific expression of wg was responsible for the rescue of the sd mutant phenotype, the expression of the DN form of dTCF should be deficient in the D/V WG signal, and hence, produce a phenotype similar to sd mutant wings. The C96-Gal4 driver expresses a UAS transgene at high levels along the D/V border (Fig. 1B) . In addition, it also causes expression in other tissues (Gustafson and Boulianne, 1996) . Thus, expression of the UAS-dTCF DN construct with the C96-Gal4 driver results in reduced viability of the progeny because of expression of dTCF in tissues other than the wings. However, surviving flies from this cross do produce a sd-like phenotype in the wing (compare Fig. 4B and C), strengthening the notion that the rescue of the sd wing phenotype is likely via wg expression at the D/V compartment border. A similar phenotype is observed when the construct is expressed using a vg-Gal4 driver (data not shown). So, a sd mutant can be rescued by wg expression at the D/V boundary and a compromised WG signal at the D/V border results in a sd-like wing phenotype. Thus, it appears that, within the narrow context of D/V boundary-specific expression of wg, sd acts upstream of wg in the genetic hierarchy for wing development, or it simply emphasizes that there is a feedback loop involving these genes. This result is in accord with that of Liu et al. (2000) in that sd may be required for the expression or maintenance of wg at the D/V boundary.
Genetic interaction between sd and sens
When the sd gene is mutated, the phenotype includes not only the wing margins but also the sensory organs that are found at the wing margins. In addition to the loss of wing margin bristles, there is also a reduction in the number of cells, which results in notching of the wings (compare Figs. 4A vs. 5A) . This reduction in the number of cells is thought to be a result of apoptosis (James and Bryant, 1981) . In addition, overexpression of sd is also associated with apoptotic cell death (Liu et al., 2000) . Lyra (Ly) mutations, on the other hand, result in the loss of the anterior and posterior margin bristles and this is not associated with apoptotic cell death (Abbott, 1986) . However, there is a reduction in the number of cells in the wing margin that manifests itself by erosion of the wing margin (Fig. 5B ). Ly mutations have been shown to be dominant gain of function alleles of sens, in that in a Ly background sens is ectopically expressed (Nolo et al., 2000) . To see if Ly and sd interact genetically, wings were examined from sd ETX4 males that were also heterozygous for Ly. Flies harboring mutants of both genes show a significant enhancement of the wing phenotype compared to flies with either mutant alone (Fig. 5A, B vs. C) . In the transheterozygous fly, the margin bristles are completely absent (Fig. 5C ), suggesting that these two genes work through a common pathway.
Because Ly mutations are gain of function alleles of sens and because Ly interacts with sd, it is possible that this could result in alterations of SENS protein levels in sd mutant wing discs. Wing discs derived from wild-type flies (Fig. 6A) and from flies harboring sd 58 (Fig. 6B -D) were stained with an anti-SENS antibody. In wild-type discs, SENS is localized to the region fated to become the wing margin with higher levels at the anterior margin in SOP cells, in agreement with previous results (Nolo et al., 2000 and Fig. 6A ). In addition, sens is also expressed in other SOPs distributed throughout the wing disc. In sd 58 discs, the wing margin-specific expression of sens is completely lost (Fig. 6C, D) , but expression in other SOPs is unaffected. Substantial margin-specific expression is restored when the vg::sdTEA fusion construct is expressed in sd 58 discs using a vg-Gal4 driver (Fig. 6E -G) . That this restoration of SENS is not complete could be attributed to the amount of the fusion VG::SD TEA protein being produced from the transgene. However, this level of restoration is consistent with the notion that the fusion construct can restore the margin-specific expression of wg, and emphasizes the involvement of wg in specifying the formation of SOPs. The mutual enhancement of mutant wing phenotypes by sd and Ly mutations can also be explained based on the role of wg in SOP formation. As previously mentioned, Ly mutations are gain of function alleles of sens and are associated with a repression of wg expression in domains of high sens expression (Nolo et al., 2001) . Because sd mutations affect the margin-specific expression of wg, and in Ly mutations there is a repression of wg expression, it is predictable that in transheterozygotes the overall WG signal is further reduced at the margin, resulting in the phenotypic enhancement of wing margin loss.
sens needs sd function for sensory organ precursor development
sens has been shown to be both necessary and sufficient for the formation of organs of the peripheral nervous system (PNS) (Nolo et al., 2000) . Ectopic expression of sens can result in the formation of extrasensory bristles on the wing and thorax. This ectopic formation of sensory bristles can also happen in the absence of genes of the achaete-scute complex, though to a lesser extent (Nolo et al., 2000) . To see if sd has any role in formation of sensory bristles by ectopic expression of sens, and to confirm that sens is necessary and sufficient for formation of the sensory bristles as previously reported, sens was expressed in a sd mutant background. The UAS-sens transgene was expressed in both sd ETX4 and sd 58 mutant backgrounds using a vg-Gal4 driver and expression from the UAS-sens transgene was determined by staining wing discs with the anti-SENS antibody as a control (not shown). If sd has no role in ectopic bristle formation by sens, then expression of sens should result in formation of the sensory bristles missing in the margin of the sd mutants. However, sens expression is unable to restore the marginspecific bristles in sd mutants, suggesting that sens may need sd function for formation of bristles and for proper SOP differentiation. Instead of the formation of ectopic bristles, expression of sens in sd ETX4 enhances the wing phenotype (Fig. 5D ) to resemble our result of the enhancement of sd ETX4 caused by a Ly mutant (Fig. 5C ). To test this further, UAS-sens was also expressed under the control of a dpp-Gal4 construct that drives expression at the A/P compartment border away from the margin (Fig. 1D) . Wild-type wings expressing sens at the A/P border fail to inflate properly upon eclosion (Fig. 5E, F) but exhibit numerous ectopic bristles at the position of the A/P border (arrowheads in Fig. 5E , F) as well as numerous ectopic bristles on the thorax. Expression of sens in a sd 58 mutant background, however, results in very little to no ectopic bristle formation at the A/P border (Fig. 5G, H) , again suggesting that sens possibly needs sd function for formation of SOPs.
In conclusion, a further characterization of the functions of the SD/VG complex during wing development is reported by analyzing the roles of sd, via the vg::sdTEA fusion during patterning by wg, during growth and during SOP development. In the narrow context of the D/V specific expression of wg, the SD/VG complex appears to act upstream of wg as evidenced by the rescue of the D/V WG stripe by the fusion construct and the rescue of sd wing mutations by the expression of exogenous WG. In addition, the relationship between sd and sens in the development of margin-specific bristles is clarified and the results show that sens needs sd function for proper development of the PNS organs. Our current model (Fig. 7) for actions of the SD/VG complex during wing development, incorporating the new data herein, is that the SD/VG complex either induces or maintains the expression of WG. This, in turn, causes expression of SD and VG to promote cell proliferation in the wing pouch. At the D/V boundary WG also mediates the expression of sens via its actions on the achaete scute (AS-C) complex that, in the presence of SD, helps to specify the SOP fate.
Materials and methods
Stocks and crosses
All crosses were carried out at 258C. vg-Gal4 drives expression of a UAS transgene in a vg-boundary enhancer pattern and was initially created by Morimura and Hoffman (unpublished results) and obtained from Sean Carroll. UAS-vg::sdTEA mimics the native SD/VG transcription complex and is described in Srivastava et al. (2002) . UAS-wg was obtained from Andrew Simmonds (Simmonds et al., 2001) . UAS-dTCF DN is described in Cadigan et al. (1998) and was a gift from Ken Cadigan. C96-Gal4 driver was obtained from Gabrielle Boulianne and directs expression of a transgene at the D/V border in the wing disc. dpp-Gal4 was obtained from Ken Irvine and drives expression along the A/P border in the wing. Ly 1 is described in Flybase (http://flybase.bio.indiana.edu/).
Antibody staining
The VG antibody is described and antibody staining was performed according to a published protocol (Williams et al., 1991) , and was visualized using a Leica TCS confocal microscope. The anti-SENS antibody was used as described in Nolo et al. (2000) . Mouse anti-WG antibody was obtained from the Developmental Studies Hybridoma Bank, University of Iowa. Anti-PH3 antibody was from Upstate Biotech and has been previously described (Hendzel et al., 1997) . Secondary antibodies were anti-rabbit Alexa 488 from Molecular Probes and Cy3 conjugated anti-rabbit, antiguinea pig and anti-mouse IgG from Jackson Immunoresearch. 
